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We
�

studyelectrontransportbetweencappedcarbonnanotubesanda substrate,andrelatethe transmission
probability� to the local densityof statesin the cap.Our resultsshowthat the transmissionprobability mimics
the
�

behaviorof the densityof statesat all energiesexceptthosethat correspondto localizedstatesin the cap.
Close
�

proximity of a substratecauseshybridizationof the localizedstate.As a result,transmissionpathsopen
from
	

thesubstrateto nanotubecontinuumstatesvia thelocalizedstatesin thecap.Interferencebetweenvarious
transmission
�

pathsgivesriseto antiresonances
 in thetransmissionprobability,with theminimumtransmission
equal� to zeroat energiesof the localizedstates.Defectsin thenanotubethatareplacedcloseto thecapcause
resonances in thetransmissionprobability,insteadof antiresonances,nearthelocalizedenergylevels.Depend-
ing
�

on thespatialpositionof defects,theseresonantstatesarecapableof carryinga largecurrent.Theseresults
are relevantto carbonnanotubebasedstudiesof molecularelectronicsandprobetip applications.

I. INTRODUCTION

Characteristic
�

featuresof electronflow throughnanotubes
are� relevantto both molecularelectronicsand experiments
using� nanotubetips as a probe. In theseapplications,the
nanotubetips canbe cappedor openalongwith appropriate
functionalization
�

if desired. In preliminary studies, Dai
et� al.1 and� Wong et� al.2 used� nanotubetips for high resolu-
tion
�

imaging,andWong et� al.3
�

haveextendedtheir studyto
includefunctionalizedtips.3,4

�
In view of suchstudies,which

can� in principle be extendedto scanningtunnelingmicros-
copy� � STM

� �
measurements,� it is importantto understandthe

natureof electronflow from nanotubetips.Thelargenumber
of� possibletopologicalarrangementsof carbonatomsat the
tip
�

of a nanotubeand the possibility of functionalizingtips
makes� thestudyof electrontransportan interestingandnec-
essary� one. Further, nanotubetips have recently beenob-
served� by various authors,5–7

�
and� methodsof constructing

caps� havebeensuggested.8 To
�

the bestof our knowledge,
electron� transportthroughcappednanotubeshavenot been
studied,� although the local density of states � LDOS� have
been
 

studied.5,6,9
�

In this paper,we studyelectronflow from a
substrate� to a nanotubetip, muchlike in anSTM experiment
where! the nanotubeis the tip. In this particular study, we
restrict the topology of the tip to that of a polyhedralcap.
TheLDOS at thecaphasresonancescorrespondingto quasi-
localized
"

statesasobservedexperimentallyin Refs.5 and6.
In
#

particular, Tamura et� al.9
$

have
%

theoretically shown the
existence� of purely localizedstatesin nanotubeswith poly-
hedral caps.The effect of localizedstateson currentflow,
and� the relationshipbetweenlocal densityof statesandcur-
rent& flow throughvariouscapatomsareof particularinterest.

Consider
�

a nanotubeinteractingwith a substrateasshown
in Fig. 1' a�)( . The wave functions of the cap and substrate
overlap� due to their physicalproximity.10 This

�
overlappro-

vides* a physicalmechanismfor the hybridizationof local-
ized andcontinuumstates,which causesthe localizedstates+
discrete
,

energylevels- to
�

becomequasilocalized.Theeffect
of� localizedstateson the transmissionprobability in general
depends
.

on� the natureof interactionbetweenthe localized

and� continuumstates.Examplesfrom the literature,which
illustrate this point are a quantumwell with quasilocalized
levels
" /

double
,

barrier resonanttunnelingdiode0 and� a quan-
tum
�

wire with a stubcontainingquasilocalizedlevels.11 Con-
�

FIG. 1. 1 a2 The CNT-substratesystemis divided into threere-
gions S, D, and L. 3 b465 The potential profile versusposition of a
double barrier resonanttunneling structure.An electron can be
transmittedfrom thecontinuumstateson thetop to thebottom,only
via the localized state 7 representedby l8 in the well. 9 c:<; In the
absenceof defects,the localizedandcontinuumstatesin the nano-
tube are decoupled.In this figure, they are shownspatially sepa-
rated for clarity. Coupling betweenthe substrateand cap causes
openingof transportpathswherean electronincident in the sub-
stratetunnelsinto andout of the localizedstatebeforebeingscat-
teredinto the continuum.This resultsin an antiresonance.= d>6? The

@
presenceof defects A representedby X

BDC
in the tubeopenadditional

transportpathssimilar to thosein double-barrierresonanttunneling
structures,with coupling to the substrateandscatteringby the de-
fect acting as the two scatteringcentersE comparewith F bG , where
the two scatteringcentersare the barriersH .I This transformsthe
transmissionantiresonancein J cK to a resonance.
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sider� a quantumwell with a single localizedlevel. Let this
level be coupledto continuumstatesboth aboveandbelow
as� shown in Fig. 1R b TS . An electronincident from the con-
tinuum
�

stateson the top canbe transmittedto thecontinuum
states� belowonly via thelocalizedstate.It is well knownthat
the
�

transmissionprobability throughsucha structureexhibits
a� resonancethat correspondsto the localizedstate.In con-
trast
�

to this example,a localizedstatecanalsointeractwith a
continuum� asshownin Fig. 1U c�6V . The primary differenceof
electron� transmissionpathsin this casewhen comparedto
the
�

doublebarrier structurein Fig. 1W b YX is
Z

that an electron
incident
Z

in thesubstratecanbe transmittedto thecontinuum
states� of the nanotubevia pathsthat do not usethe localized
state� [ in a perturbativesense\ ,] in addition to pathsthat use
the
�

localized state.Similar transmissionpathsexist in the
context� of scatteringof light from molecules,12 electron�
transport
�

throughquantumwires with stubs11 and� tunneling
through
�

a heterostructurebarrier.13 In
#

thesecases,localized
states� play an importantrole in determiningthe transmission
probability^ aroundthe localizedenergylevel. In particular,
the
�

transmissionprobabilityexhibitsanantiresonancedueto
the
�

localizedenergylevel.
An
_

isolatednanotubewith a polyhedralcaphaslocalized
states� in thecapthatdecayinto thenanotube.9

$
Electronscan

be
 

transmittedfrom the substrateto the nanotubeby paths
that
�

bothdo anddo not usethelocalizedlevel.We showthat
the
�

transmissionprobabilityin this casehasanantiresonance`
corresponding� to the energyof the localizedlevel. This pic-
ture
�

changesdrasticallyif therearedefectsin the nanotube.
Defects
a

in the nanotubeas shown pictorially in Fig. 1b d,Yc
open� newtransmissionpaths,which causeresonancesd in

Z
the

transmission
�

probability closeto the localizedenergylevels.
We
e

focus on the truly metallic armchair tubes, which
show� promise as quantum wires and for nanotube-based
probes^ involving a tunnel current. The fivefold symmetric
polyhedral^ capwith onepentagonat the capcenterandfive
pentagons^ placedsymmetricallyalongthe edgeof a f 10,10g
nanotubeh is consideredi Fig.

j
2k . Theoutlineof thepaperis as

follows.
�

In Sec.II, we describethemethodusedto calculate
the
�

transmissionprobabilityanddensityof states.In Sec.III,
we! study the relationshipbetweenthe LDOS and electron
transmission
�

probability by addressingthe following issues:l
i
Znm

the
�

relationshipbetweenLDOS and transmissionprob-
ability� throughcapatoms, o ii p the

�
effect of the localizeden-

ergy� levels in the cap q Sec.
�

III A r ,]ts iii u a� simpleonedimen-
sional� modelto understandtheessentialfeatureof Secs.III A
and� III C v Sec.

�
III Bw ,] and x ivZzy the

�
effectof defectson tunnel

current/transmission� probability { Sec.
�

III C| . Conclusionsof
this
�

studyaresummarizedin Sec.IV.

II. METHOD

In
#

this section,we outline the formalism usedand also
discuss
,

theassumptionsmadein our study.Thecombination
of� CNT andsubstratecanbe conceptuallydivided into three
regions:substrate} S~�� ,] sectionof CNT including the cap � D�
and� a semi-infiniteCNT region � L��� as� shown in Fig. 1� a�6� .
The advantageof this procedureis that the influenceof the
semi-infinite� regionL and� the substratecanbe includedex-
actly� as a selfenergyto the � E�z� H

���
matrix� with dimension

equal� to the numberof atomsin D (
�
H is the Hamiltonianof

D� .14 This procedureis not sensitiveto the exactlocationof
the
�

interfacebetweenL
�

and� D
�

when! chargeself-consistency
is
Z

neglected.We typically takeregionD
�

to
�

consistof five to
a� hundredunit cells of an armchairtube,andthe resultsare
not sensitiveto the exact numberas long as the retarded
Green’s
�

function of region L � see� g� L
�r� below
 �

is calculated
accurately.� The transmissionandLDOS arecalculatedusing
the
�

methodin Ref. 15. The retardedGreen’sfunction G
� r is

obtained� by solving

�
E � H ��� L

�r� � E ¡£¢¥¤ S
¦r�Y§ E ¨ª© G� r « E ¬£ I,] ® 1̄

where! H is the sub-Hamiltonian of region D. ° L
�r� (� E)

±
² VDL

³ g� L
r (
�
E
�

)
±
VLD
� is

Z
the selfenergydue to the semi-infinite

region L that
�

is folded into the Hamiltonian of region D.
VDL (

�
VLD)

±
is the term in the full Hamiltonianrepresenting

the
�

interactionbetweenD
�µ´

L
�t¶

and� L
�¸·

D
�º¹

,] and g� L
r is
Z

the re-
tarded
�

Green’s function of region L that
�

is calculatedby
assuming� L

�
to
�

be isolatedfrom D
�

and� S
~

. The only termsof
g� L

r� that
�

enterthe calculationof » L
r� (� E� )

±
correspondsto lattice

sites� in L that
�

areconnectedto D. That is, only the surface
Green’s
�

functionof L is required.15 ¼
S
¦r� is theself energydue

to
�

thesubstrate.In this paper,we assume½ S
¦r� to
�

beanenergy-
independentparameterthat representscoupling betweenS

~
and� only one atom in the cap. This assumptionis usually
valid* over small energy rangesthat are away from sharp
features
�

in the substratedensityof states.
The singleparticleLDOS at site i

¾À¿
N
Á

i(
�
E)
±ÃÂ

and� transmis-
sion� probability Ä T(

�
E)
±ÃÅ

at� energyE are� obtainedby solving
Eq. Æ 1Ç for the diagonal elementG

�
ii
r and� the corner off-

diagonal
,

submatrix of G
� r� whose! row and column indices

correspond� to atomsin D that
�

coupleL and� S
~

,] respectively:

FIG. 2. È 10,10É carbon: nanotubewith a polyhedral cap. The
dashedlinesconnectequivalentsitesof thecapandnanotubein this
two dimensionalrepresentation.The dashedbox showsa Stone-
Walesdefect.
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ã
L
� and� ä

S
¦ are� the coupling ratesof D

�
to
�

the semi-infinite
nanotube L and� substrate S

~
,] respectively. å L

�æ 2 ç VDL
³éè

L
� (� E)

±
VLD
� ,] where ê L

� (� E)
±TëÎì

(1/
�îí

)I
±

mï g� L
�r� (� E)

±Ãð
is

the
�

surfacedensityof statesof L
ñéò

Im
#

extractsthe imaginary
part^ ó and� ô

S
¦öõÎ÷ 2 I

ø
mùÜú S

¦r û .
For
j

tubes with defects, we consider the Stone-Wales
model� that createstwo pentagon-heptagonpairs in the hex-
agonal� network ü see� dashedbox in Fig. 1ý .16,17 Finally, the
numericalcalculationsusethesingleorbital real-spacetight-
binding
 

representationof the CNT Hamiltonian,17

H þÎÿ b
���

i � j
� c� i

†c� j
��� c.c.,� � 4	

where! eachcarbonatomhasa hoppingparameterb
�

with! its
three
�

near neighbors,and c� i (
�
c� i

†)
±

is the annihilation 
 cre-�
ation� � operator� at atomicsite i

¾
. Thevalueof b

�
is
Z

chosento be
3.1
á

eV.

III.
�

RESULTS AND DISCUSSION

The main issuesaddressedin this sectionare:  i � the
�

re-
lationship between LDOS and transmission probability
through
�

cap atomsin a defect free CNT, � iiZ�� the
�

effect of
localized
"

energylevelson the transmissionprobability � Sec.
�

III A � ,]�� iii � a� simple one dimensionalmodel to understand
the
�

essentialfeaturesof Secs.III A andIII C � Sec.
�

III B� and,��
iv
Z��

the
�

effectof defectson tunnelcurrent/transmissionprob-
ability� � Sec.

�
III C� . We only considerweakcouplingbetween

the
�

nanotubeandsubstrateS
~

. The couplingstrength( � S
¦r ) i
±

s
defined
,

to beweakif it is smallerthanthevaluebetweentwo
nearh neighborcarbonatomsalongthe lengthof thenanotube�
diagonal
,

elementsof  L
r ).
±

A. Antiresonances in transmission probability

We
e

first addressissues ! iZ#" and� $ iiZ�% involving
Z

defect free
caps� by studyingtherelationshipbetweentheLDOS at atom
i
¾

in the cap and the transmissionprobability from the sub-
strate� to the semi-infiniteCNT via atom i

¾
. An isolatedpoly-

hedral
%

cap has localized levels & noh broadening' .9$ Figure
j

3
shows� the effect of coupling of the cap to the substrate.In
the
�

calculations,oneatomin thecapcouplesto thesubstrate(
as� labeledin Fig. 3) . Coupling of the cap to the substrate

causes� hybridizationwith the substratecontinuumstates.As
a� resultof hybridization,thelocalizedstatesbecomequasilo-
calized,� as representedby the broadenedresonancesin Fig.
3.
á

In the energyrangeconsidered,there are two localized
states,� one around0.25 eV and the other around * 1.5 eV.
The
�

value of + S
¦r ,.- i

¾0/
S
¦ /2132.4 12.5i

¾
meV� for all curvesin

Fig.
j

3.
The
�

LDOS variessignificantlywith atomic location.The
LDOS at apex atom 1 is almost an order of magnitude
smaller� thantheLDOS at atom4, which is locatedat thecap

edge.� TheLDOS of atoms2 and3, which lie in between5 see�
Fig.
j

26 ,] and the DOS averagedover all cap atomsare also
shown� for comparison.The transmissionprobability versus
energy� for the casescorrespondingto Fig. 3 are shown in
Fig. 4. The strengthof coupling in Fig. 4 is the sameas in
Fig.
j

3. The transmissionprobability follows the LDOS at
most� energiesin that the magnitudeis proportional to the
LDOS as is seenby comparingFigs. 3 and 4. There is a
major differenceat the resonantenergy,where the7 LDOS
peaks8 corresponds to transmission zeroes. The transmission
antiresonances� arisefrom hybridizationof localizedandcon-
tinuum
�

statesvia coupling to the substrateas represented
pictorially^ in Fig. 19 c��: . Statesin the CNT cap compriseof
localized
"

( ; l
< )± and continuum ( = c> )± states that are not

coupled� to eachother in an isolatedcap.Bringing the sub-
strate� in closeproximity to

FIG. 3. TheLDOS at four differentcapatomsversusenergyfor
a nanotubewithout defectsin contactwith thesubstrate.TheLDOS
is plotted at the cap atom making contactto the substrate,in the
caseof a defect-freenanotube? Fig. 1 @ c:BADC .I The resonantpeakscor-
respondto localizedenergylevels.The four curvescorrespondto
theindexedcapatomsin Fig. 2. Thelegend‘‘average’’ corresponds
to the LDOS averagedover all cap atoms when atom 4 makes
contactto thesubstrate.E S

FrGIHKJ 12.5i
L

meV ( M S
FON 25 meV) for the

four cases.

FIG. 4. The transmissionprobability versusenergycorrespond-
ing to Fig. 3. The antiresonancesoccur at the sameenergyas the
LDOS resonancesin Fig. 3. The insetshowsan expandedview of
the antiresonances.
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the
�

capcouplesP l
< and� Q

c> to
�

the substratestates( R sS )± . As a
result,electronshavemanypathsto be transmittedfrom T sS
to
�VU

c> : W iZYX directly
,

from Z sS\[^] c> ,]`_ iiZ�acb sSed^f l
<0g^h

sSei^j c> and�k
iii l higherorderrepresentationsof m ii n . The interferencebe-

tween
�

thesepathsgivesrise to the transmissionzeroesat the
resonant& energieso inset

Z
of Fig. 4p . Thenumericalcalculation

in
Z

this subsectionis complementedby a simplifiedanalytical
modelin Sec.III B to demonstratethe physicsmoreclearly.

When
e

the strengthof couplingbetweenthe capandsub-
strate� increases,the antiresonancesbecomes more pro-
nounced.h That is, the minimum is still zero but the width
increaseswith increasein couplingstrengthq sS . To demon-
strate� this, atom 4 is assumedto makecontactto the sub-
strate� with couplingstrengthsasgiven by the legendof Fig.
5.
r

Therealpartof s S
¦r has
%

beenassumedto bezeroin Figs.3,
4,
t

and5. Theprimaryeffectof includinga nonzerorealpart
of�vu

S
¦r� is
Z

to makethe transmissionversusenergymoreasym-
metric. The position of the antiresonancehoweverremains
unchanged.�

B.
w

Simple one dimensional model

In this section, we presenta simple one dimensional
model� of transportfrom a tip that hasa localizedstateto a
substrate,� much like in Fig. 1x a�ey . The expressionfor trans-
missioncoefficientis obtainedanalyticallyandaidsin under-
standing� thenumericalresultsof Secs.III A andIII C, which
consider� a nanotube.We now define the model. The con-
tinuum
�

statesof the tip are modeledas a one-dimensional
semi-infinite� chain with on-siteenergy z c> and� hoppingpa-
rameterb

�
c>�{ Fig. 6| . Theenergyspectrumof sucha chainhas

a� bandwidth equalto 4b
�

c> and� thereareno localizedstatesin
this
�

bandwidth. The localizedlevel at the tip is modeledas
a� statewith energy } l

< that
�

lies spatiallyat theedgeof the tip
and� energeticallywithin the continuumof the tip states.The
localizedstatehybridizeswith thecontinuumstatesof thetip
at� theedgeatomandthis is modeledby a hoppingparameter
t7 lc< . The localizedstate(t7 lc<c~ 0

�
) of an isolatedtip becomes

quasilocalized� whent7 lc<�� 0
�

. Thesubstrateis alsomodeledas
a� one-dimensionalsemi-infinitechain with on-sitepotential�

sS and� hoppingparameterb
�

sS . The substratestateshybridize
with! thecontinuumandlocalizedstatesof the tip only at the
tip-edge,
�

and theseare modeledby hoppingparameterst7 cs>
and� t7 ls< respectively.& The subscriptsl

�
,] c� ,] and s� represent& lo-

calized,� continuum,andsubstratestates,respectively.
Following the methoddescribedin Sec. II, the retarded

Green’s
�

functionof thecontinuumandlocalizedstatesat the
edge� of the tip are,

G
� r � E ��� D � 1

E ��� l
<0� t7 ls<2� g� sSr�\� E � t7 lc<c� t7 cs> t7 ls< g� sSr��� E �

t7 lc<�� t7 cs> t7 ls< g� sSr � E��� E
�����

c>O� t7 cs>2 g� sSr � E��� � b
�

c>2g� c>r ¡ E��¢ ,] £ 5r¥¤

FIG.
¦

5. The width of the antiresonanceincreaseswith increase
in thestrengthof coupling § S

¨ but theminimumis zero.Thedotted
and dashedcurvesare scaledby 25 and 5 times of the computed
transmissionprobability respectively.In thesecalculationsatom 4
makes contact to the substratewith a coupling strength © S

¨rªO«¬ i  S
¨ /2,
N

wherethe valuesof ® S
¨ are given in the figure legend.

FIG. 6. A one-dimensionalmodeldescribingtunnelingbetween
a tip with a localizedenergylevel ¯ l

° anda substrate.The localized
level is shownseparatedfrom the atom at the edgeof the tip for
clarity.
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where,! D
�

is
Z

the determinantof the matrix in the bracketof
Eq. ± 5r¥² . The ³ 1,1́ and� µ 2,2¶ components� of G

� r(
�
E)
±

corre-
spond� to thecontinuumandlocalizedstatesrespectively,and
the
�

off-diagonaltermcorrespondsto thecorrelationbetween
the
�

continuum and localized states.The surface Green’s
function of the substrateand tip chains are given by, g� i

r·¹¸ E º�» i ¼¹½ (
�
E ¾�¿ i)

± 2 À 4b
�

i
2
�eÁ

/2
1

b
�

i
2
�

,] wherei
¾ÃÂ

c� ,] s� .
The
�

transmissionamplitudeof an electronfrom the sub-
strate� to the nanotubeis,14

t7�Ä E Å�Æ¹Ç 2 ÈÊÉ c>OË E Ì�Í 1/2b
�

c> G� 11
r�ÏÎ E Ð t7 cs>ÏÑ 2 ÒÔÓ sS�Õ E Ö�× 1/2

Ø¹Ù
2
øÔÚÔÛ

c>OÜ E��Ý\Þ 1/2b
�

c> G� 12
r ß E��à t7 ls<Êá 2øÔâÊã sS\ä E��å�æ 1/2,]èç 6é¥ê

where,! G
�

11
r� and� G

�
12
r� are� the ë 1,1ì and� í 1,2î elements� of the

Green’s
�

function matrix ï Eq. 5ð ,] and ñ i(
�
E)
±�ò

(
��ó

1/ ô )I
±

mõ g� i
r� (� E)

±\ö
,] where i

¾ø÷
s� ,] c� is the surfacedensity of

states.� The first term of Eq. ù 6é¥ú represents& the pathwherean
electron� incidentin the tip is transmittedto the substratevia
the
�

modified continuumstatesat the edgeatom of the tip.
The
�

modificationof the continuumstatesaredueto interac-
tion
�

with the localized state and the substratestates.The
second� termof Eq. û 6é¥ü representsthepathwhereanelectron
incident in the tip is transmittedto the substratevia the lo-
calized� statein the edgeatom.G

�
12
r� (
�
E)
±

representsthe corre-
lation
"

betweenthecontinuumandlocalizedlevelsat theedge
atom� of the tip when the tip is connectedto the substrate.
The
�

transmissionprobability ( ý t7 (� E� )
± þ 2)
±

thenconsistsof inter-
ference
�

betweenpathsthat do and do not usethe localized
state.�

From Eqs. ÿ 5r�� and� � 6é�� ,] the following threeobservations
can� be made: � iZ�� The

�
transmissioncoefficientis zerowhen,

E �
	 l
<�� t7 lc< t7 ls<

t7 cs> .  7���

As
_

mentionedin the beginningof this section,the caseof a
localizedstatecorrespondsto t7 lc<�� 0

�
. Then,the transmission

antiresonance� is at the energyof the localizedstate � l
< . An

example� is shownin Fig. 7� a��� ,] wherethe parametersareb
�

c>� b
�

sS�� 1 eV, t7 ls<�� t7 cs>�� 0.04
�

eV, � c>��
 sS"! 0
�

eV, and # l
<

$ 0.245
�

eV. % ii & From Eq. ' 7��( ,] it is clear that the transmis-
sion� probability has a zero in the presenceof defectsthat
cause� hybridization betweenthe localized and continuum
states� (t7 lc<�) 0

�
) evenwhen the tip doesnot makecontactto

the
�

substrate.The locationof the transmissionzerohashow-
ever� movedawayfrom the localizedenergyby * t7 lc< t7 ls< /

1
t7 cs> .+

iii
Z-,

A
_

transmissionresonanceresults when the localized
level hybridizes with the continuum statesin the tip (t7 lc<.

0
�

). More specifically, when the hopping parameters
t7 cs> ,] t7 ls< and� t7 lc< are� muchsmallerthanb

�
c> and� b

�
sS ,] the trans-

mission� probabilityhasa resonanceat anenergycloseto the
localizedenergylevel / l

<�0 Fig. 71 b �243 . The preciselocationof
the
�

resonancedependson the valuesof the hoppingparam-
eters.� The width of the resonanceincreaseswith increasein
t7 lc<65 Fig. 77 b �8�9 ,] a featurethat is observedin the caseof the
nanotubeh also is discussedin the following subsection.Ex-
cept� for t7 lc< ,] theparametersusedin Fig. 7: b �; are� thesameas
in
Z

Fig. 7< a��= .

C.
>

Influence of defects

We
e

now considerthechangesto theantiresonancepicture
discussed
,

in Sec.III A due to defectsin the nanotube.The
resultsfor two differentlocationsof a defectalongthelength
of� the nanotubeandatom1 makingcontactto the substrate
with! couplingstrength? S

¦r�A@CB
i
¾�D

S
¦ /21FECG

25i
¾

meV areshown
in
Z

Fig. 8. While the defect consideredhere is the Stone-
Wales
e

defect H see� dashedbox in Fig. 1I ,] we havealsocarried
out� similar calculationsfor defectmodelsthat involve a ran-
dom
,

changein the on-sitepotentialand hoppingparameter
of� carbonatomslocatednearthe cap.The main conclusion
of� thesecalculationsis that the resultsof this sectiondo not
qualitatively� dependon theexactdefectmodelaslong asthe
defect
,

hybridizesthe localizedand continuumstatesof the
nanotube.h

Scattering
�

due to the defectopensup more channelsfor
hybridizationof the localizedstate.As a result,theLDOS of
the
�

cap will show broadenedresonancessimilar to thosein

FIG. 7. J aLK Transmissionprobability versusenergy when tM lcNO 0 showsan antiresonance.P b4�Q When tM lcNSR 0
T

, the antiresonanceinU
aV disappearsaroundthe localizedenergylevel and the transmis-

sion probability hasa resonance.The width of this resonancede-
creasesas tM lcN decreases.

>

FIG. 8. W aX Transmissionprobability versusenergyin the ab-
senceof a defect. Y bZ Transmissionprobabilityversusenergyfor the
samestructurein [ a\ but with a defect locatedat L

]
D .I The strong

resonancecausedby an appropriatelyplaceddefect is capableof
carrying large current.In thesecalculations,the coupling strength
between atom 1 and the substrate is assumedto be ^ S

_r`bac 25i meV ( d S
_be 50 meV).
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Fig. 3. The transmissionprobability changessignificantly
around� thelocalizedenergylevelsin comparisonto Fig. 4, as
shown� in Fig. 8. Thesharptransmissionantiresonancesat the
localized
"

energyhas disappearedand insteadthe transmis-
sion� probability hasresonancesaroundthe energyof the lo-
calized� state. This is becausethe defect locally mediates
mixing/hybridization� of localizedandcontinuumstates.As a
result,& thelocalizedstatesarecoupledto continuumstatesby
two
�

scatteringcenters:the defect in the nanotubeand the
interactionwith the substrate.This leadsto additionaltrans-
mission� pathsthat are similar in spirit to pathsin a double
barrier
 

resonanttunnelingstructurein Fig. 1f b �g ,] where the
two
�

scatteringcentersare the barriers.The simple model
discussed
,

in Sec.III B also demonstratesthis point h Fig. 7
and� discussionof i iiiZkj at� the endof Sec.III Bl .

The
�

resonancewidth of the transmissionprobability is
determined
,

by two contributions.Thefirst contributionis the
hybridization
%

due to the substrateand the secondcontribu-
tion
�

is the hybridizationdue to the defect.The secondcon-
tribution
�

dependson m npo C q Hde
r

f ect sut L
�wv�x ,] where Hde

r
f ect is

Hamiltonian
y

of the defect.Figure 8 showsthe transmission
probability^ for two differentdistancesof the defectfrom the
cap� (LD

³ ).
±

LD
³ equal� to 7 and 15 are in units of the one-

dimensional
,

unit-cell lengthof armchairtubes.Themainfea-
ture
�

is that the width becomessmaller as distanceof the
defect
,

from the cap increases.This trendcanbe understood
from
�

the fact that zu{ L | 2��} or� thedensityof statesof the local-
ized state~ decays

,
with distanceaway from the cap. As a

result, the strengthof hybridizationbetweencontinuumand
localized
"

states in the cap arising due to the defect�"� �w�
C � Hde

r
f ect �u� L ����� decreases

,
asdistanceof thedefectfrom

the
�

cap apex increases.This correspondsto t7 lc< becoming
 

smaller� in the modeldiscussedin Sec.III B � see� discussion
of��� iii � at� the endof Sec.III B� .

IV. CONCLUSIONS

We
e

studied phase coherent transport through carbon
nanotubeh tips in proximity to a substrate.An armchairtube
with! a polyhedralcap has localized statesthat decaywith
distance
,

away from the cap. We find that theselocalized
states� play an importantrole in determiningthe featuresof
the
�

electron transmissionprobability from the substrateto
the
�

nanotube.The transmissionprobability correspondsdi-
rectly to the LDOS at energiesaway from the localizeden-
ergy� levels. Close to the localized energylevel, while the
LDOS
�

exhibitsa resonance,the transmissionprobability ex-
hibits
%

anantiresonance.Defectsin thetubealtertheantireso-
nanceby providing additional defect-assistedchannelsfor
transport
�

into the continuumstatesof the CNT. As a result,
the
�

transmissionprobability hasa resonancecloseto the lo-
calized� energy levels, instead of an antiresonance.These
resonancesarecapableof carryinga largeamountof current
compared� to other energies,and so are relevantto experi-
ments� that measure the tunnel current using carbon
nanotube-basedh tips. The current carrying capacity of the
resonancedependson two parameters:the hybridization
strengths� of the localized statedue to interactionwith the
substrate,� anddefectassistedinteractionwith the continuum
states� of the nanotube.Since the density of statesof the
localized levels decaywith distanceinto the nanotube,the
hybridization strengthdue to defect assistedscatteringde-
creases.� Thecurrentcarryingcapacityof theresonancesthen
decreases
,

with increasein thedistanceof thedefectfrom the
cap.�
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